Aggression is a behavioural strategy for securing resources (food, mates and territory) and its expression is strongly influenced by their presence and value. While it is known that resource holders are generally highly aggressive towards intruding consexuals and usually defeat them, the underlying neuronal mechanisms are not known. In a novel intruder -resident paradigm for field crickets (Gryllus bimaculatus), we show that otherwise submissive losers of a preceding aggressive encounter readily fight and often defeat aggressive winners after occupying an artificial shelter. This aggression enhancing effect first became evident after 2 min residency, and was maximal after 15 min, but absent 15 min after shelter removal. The residency effect was abolished following non-selective depletion of biogenic amines from the central nervous system using reserpine, or semi-selective depletion of octopamine and dopamine using a-methyl-tyrosine, but not following serotonin depletion using a-methyl-tryptophan. The residency effect was also abolished by the treatment with phentolamine, an a-adrenergic receptor antagonist, or epinastine, a highly selective octopamine receptor blocker, but not by propranolol, a ß-adrenergic receptor antagonist, or by yohimbine, an insect tyramine receptor blocker. We conclude that crickets evaluate residency as a rewarding experience that promotes aggressive motivation via a mechanism involving octopamine, the invertebrate analogue of noradrenaline.
INTRODUCTION
Intraspecific aggression is a complex social behavioural strategy, adapted for securing some limited resource at minimal cost. It is accordingly modified by numerous experiences. For example, owners of a territory are inclined to fight more ferociously and accordingly beat intruders. The physiological mechanisms that control how experiences, such as residency, influence aggressive behaviour are, however, largely unknown (review [1] ).
In this paper, we describe a novel intruder -resident paradigm for the field cricket Gryllus bimaculatus (De Geer) and investigate whether biogenic amines mediate heightened aggressiveness of residents. In the field, crickets compete for natural shelters [2] and defend artificial shelters in the laboratory [2] . Their fighting behaviour is highly stereotyped, and results in winners that exhibit heighted aggression, and submissive losers that retreat upon confronting males, even several hours after social defeat [3, 4] . We have shown that the experience of flying quickly restores the aggressiveness of losers [5] via a mechanism that depends on the biogenic amine octopamine, the invertebrate analogue of noradrenaline [3, 6] . Using similar techniques, we investigate here whether pharmacological depletion of biogenic amines from the central nervous system and/or amine receptor antagonists influences the aggressiveness of submissive crickets towards aggressive intruders after residency in an artificial shelter. Our study suggests that the experience of occupancy activates the octopaminergic system, which enhances aggressiveness of the resident.
MATERIAL AND METHODS

(a) Experimental animals
Mature adult male Mediterranean field crickets, G. bimaculatus de Geer were taken from a breeding stock maintained under constant standard conditions at Leipzig University (cf. [7] ) and kept isolated for 24 h prior to all experiments. Control and test experiments were performed in parallel in the summer months, avoiding times when aggression tends to be depressed (just after mid-day and on generally dreary days).
(b) Intruder -resident paradigm We tested the influence of residency on the aggressiveness of submissive crickets towards aggressive intruders. Fights were first staged in an initial fight between pairs of fight-inexperienced (naive) weight-matched crickets in a Perspex glass arena (16 Â 9 cm) to generate aggressive winners and submissive losers (cf. [6] ). The contestants were then divided by an opaque sliding door, and after a variable delay (0-15 min) an artificial shelter (2 Â 4 Â 7 cm half-cylinder with opaque rear panel) was placed with the loser, which they immediately occupied. The dividing door was then removed exactly 15 min after the initial fight and the interactions between the resident-loser and intruding-winner evaluated in the presence of the shelter (i.e. after various periods of residency, but at a constant time after losing). In another experimental series, resident-losers were first kept for a period in the absence of the shelter (1, 5 and 15 min), before removing the door to allow contact with the intruder.
(c) Pharmacological treatments Unless stated otherwise, all drugs were obtained from Sigma (Deisenhofen, Germany). Amines were depleted from the cricket nervous system by injecting either the non-selective amine depleter reserpine, the octopamine/dopamine synthesis inhibitor a-methyl-p-tyrosine (AMT) or the serotonin synthesis inhibitor a-methyltryptophan (AMTP) into the thoracic cavity using a microsyringe (Hamilton, Bonaduz, Switzerland). The applied dosages and time required to achieve effective depletion have been previously established by immunocytochemical detection of octopamine, dopamine and serotonin [3] . We accordingly evaluated aggressive behaviour after the following treatment regimes. Reserpine: behavioural test 24-48 h after a single injection of 200 mg in 4 ml DMSO; AMT: 48 h after the last of two successive injections of 1.5 mg in 20 ml deionized water administered at 48 h intervals; AMTP: 48 h after the last of three successive injections of 1.0 mg in 40 ml deionized water administered at 48 h intervals.
In another experimental series, the crickets were injected with amine receptor antagonist (each 20 ml 20 mM 21 in 2% aqueous DMSO: for details see [6] ): the ß-adrenoceptor blocker propranolol, the tyramine receptor blocker yohimbine, the a-adrenoceptor blocker phentolamine or selective octopamine receptor blocker epinastine (a generous gift from Boehringer Ingelheim, Germany). Control animals received vehicle only. The animals' behavioural performance was analysed 1 -2 h after treatment with blockers. (ii) For each pair, the resulting submissive loser was separated from the aggressive winner via an opaque door dividing the area. (iii) The loser was then provided with a shelter, either immediately (t ¼ 0) or after a delay (up to 15 min), which it immediately occupied (control, no shelter). (iv) The dividing door was removed 15 min after separation in all cases and the interactions between residentwinners and intruding-winners evaluated. (iv) (alternative) In some experiments, the losers all experienced 15 min occupancy in the shelter, followed by a delay (0-15 min) before removing the door (t ¼ 15-30 min).
fight escalates before the winner is established by the retreat of one contestant: level 0, mutual avoidance without aggression; level 1, one cricket attacks, the other retreats; level 2, antennal fencing; level 3, mandible spreading by one cricket; level 4, mandible spreading by both crickets; level 5, mandible engagement and level 6, grappling, an all-out fight involving repeatedly engagements, biting and tossing. The fight can be concluded at any of the levels 2 -6 by one opponent retreating. Fight duration, from first contact until conclusion, was measured to the nearest second with a stop-watch; the duration of any pauses that occasionally occurred when the animals lost contact was deducted. The median and the interquartile range (i.q.r.) were calculated for non-parametric datasets; the significance of differences in the distributions was tested by the MannWhitney U-test for unpaired data and by the Wilcoxon signed-rank test for paired data; the x 2 -test was employed for comparing relative frequencies (PRISM 5, GraphPad Software Inc. La Jolla, CA, USA). . n is given in parentheses beneath each column, excepting initial fight, which is pooled. Asterisks denote statistically significant differences (Mann -Whitney U-test; *p , 0.05; **p , 0.01; ***p , 0.001).
RESULTS
i.q.r. 1-3; median duration: 0 s i.q.r. 0 -2, n ¼ 73; significantly different to initial fights, Wilcoxon signed-rank test, p level , 0.001, p duration , 0.001; figure 2a,b stippled bars). Only a few encounters escalated to a physical level (14% equal or greater than level 5), rank reversals (loser wins) were observed only in 3 per cent of all cases. This depressed aggressiveness of subordinate crickets usually lasts several hours [5] .
(ii) Effect of residency Residency in an artificial shelter restored aggressive motivation of losers. As shown in figure 2, the effect of residency depends on occupancy time and is transient. Thus, losers that occupied the shelter for only 0.5 min retreated when subsequently confronted with the previous winner (median level 1, i.q.r. 1-3; median duration: 0 s i.q.r. 0-4, n ¼ 82: no significant difference to control: U-test, p level ¼ 0.35, p duration ¼ 0.81, hatched bars/ grey background). In contrast to this, losers that occupied the shelter for 15 min were highly aggressive towards intruding-winners (76% physical fighting; median level 5, i.q.r. 5-6; median duration 7 s i.q.r. 4-10, n ¼ 99; significantly different to control-losers: U-tests, p level , 0.001, p duration , 0.001), and frequently even won the encounter (27% rank reversal, significantly different to control-losers: x 2 -test, p , 0.001). Thus, residency restored the aggressiveness of losers to the same level as naive crickets (difference statistically non-significant: Wilcoxon signed-rank test, p ¼ 0.17). Intermediate periods of residency (2 and 8 min) had corresponding intermediate influences ( figure 2) . Interestingly, the aggressiveness of resident-losers slowly dwindled after removal of the shelter (figure 2, post-occup.). For example, 1 min after removing the shelter, losers that had experienced 15 min residency were still highly aggressive towards the intruders (median level: 5, i.q.r. 3-5; median duration: 4 s i.q.r. 1-6, n ¼ 40; both values significantly different to values for non-resident-losers versus intruders: U-tests, p level , 0.001, p duration , 0.001). In contrast to this, 15 min resident-losers were non-aggressive towards the intruding-winner 15 min after shelter removal (median level of aggression: 1, i.q.r. 1-1; median duration: 0 s i.q.r. 0-0, n ¼ 30; neither value was significantly different from values of non-resident-losers versus intruders:
It should be noted that the above described effects of residency were only found for losers of a previous aggressive encounter, thus the aggressiveness of naive crickets was unchanged subsequent to 15 min occupancy in the artificial shelter (median level of aggression: 5, i.q.r. 3.75-6; median duration: 5.5 s i.q.r. 4-12, resident wins: 54%, n ¼ 100; not significantly different from aggression of naive pairs: U-test, p level ¼ 0.32, p duration ¼ 0.59; data not shown).
(b) Amine depletion Since octopamine is known to enhance the aggressiveness of subordinate crickets [3, 6] , we investigated whether this amine underlies the effect of residency. In a first series of experiments, we pretreated pairs of weight-matched, naive crickets with drugs at concentrations shown elsewhere to effectively deplete amines from the crickets nervous system (cf. [3] ): the non-selective amine-depleting agent reserpine, the semi-selective octopamine-depleting agent AMT and the selective serotonin-depleting agent AMTP (controls received DMSO, the vehicle for reserpine).
As shown previously (cf. [3] ) and in figure 3 , aminedepleted crickets express normal fighting behaviour, although the aggressiveness and the fight duration are somewhat less for reserpine and AMT-treated crickets (reserpine: median level 3, i.q.r. [2] [3] [4] [5] (c) Amine receptor antagonists The effect of residency was abolished by antagonists, which selectively block octopamine receptors. In our experiments, crickets were pretreated with either propranolol, a vertebrate b-adrenoceptor blocker with low affinity for insect octopamine receptors, yohimbine, a vertebrate a-adrenoceptor-and potent insect tyramine receptor blocker (cf. [8, 9] ), phentolamine, a vertebrate a-adrenoceptor blocker that also blocks octopamine receptors and finally epinastine, a highly selective octopamine receptor blocker. Controls received vehicle only (2% aqueous DMSO). After treatment, all groups exhibited normal fighting behaviour. However, in contrast to all other groups, the level and the duration of aggressive interaction between epinastine-treated crickets were reduced (U-tests, p level ¼ 0.014, p duration ¼ 0.046). Irrespective of treatment, all interactions produced clear winners and losers, whereby the losers of all groups, which were not offered a shelter, retreated from the previous winners when tested 15 min after the initial fight (figure 4). Furthermore, the enhancing effect of residency (15 min) on aggressiveness was clearly evident in propranolol-treated losers, which fought as aggressively as vehicle-treated resident-losers against intruding-winners (median level 5, i.q.r. 1.5 -5, median duration: 4 s i.q.r. 1-7, n ¼ 32; neither value significantly different to vehicle, U-test, p level ¼ 0.086, p duration ¼ 0.21). Similarly, yohimbine also had no influence on the effectiveness of residency on loser aggression (median level 5, i.q.r. 4-6; median duration 6 s i.q.r. 3-13, n ¼ 28; both values significantly different to corresponding losers without a shelter, U-tests, p level , 0.001, p duration , 0.001; not significantly different to initial fights: Wilcoxon signed-rank tests, p level ¼ 0.18, p duration ¼ 0.10). In contrast to this, phentolamine and epinastine both blocked the effect of residency, since these groups of losers mostly retreated upon confronting winners, without displaying aggression (phentolamine: median level 1, i.q.r. 1-4.5, median duration 0 s, i.q.r. 0 -3, n ¼ 23; epinastine: median level 1, i.q.r. 1-3.5; median duration: 0 s i.q.r. 0 -4, n ¼ 35). These interactions between phentolamine and epinastine treated loser residents were not more aggressive than those between the corresponding loser-groups without shelter (U-tests, phentolamine p level ¼ 0.12, p duration ¼ 0.19; epinastine p level ¼ 0.76, p duration ¼ 0.26) and significantly less aggressive than those of vehicle-treated resident-losers (U-tests: all tested differences significant p , 0.001; figure 4 ) and their own initial fights (Wilcoxon signed-rank test, phentolamine p level ¼ 0.017, p duration ¼ 0.040; epinastine p level ¼ 0.0011, p duration ¼ 0.0011).
DISCUSSION
As in many other animal species, male crickets normally behave submissively towards conspecific males for a long period after suffering social defeat [4, 5, 10] . In a novel intruder -resident paradigm, we show here that otherwise submissive losers of a preceding aggressive encounter readily fight and often even defeat aggressive winners after a short period of residency in an artificial shelter (figure 2). In the field, natural shelters are valuable (20) (10) (10) (10) (24) (21) (27) (22) 6 (a) -hatched bar) . The aggressiveness of treated animals was evaluated in an initial fight (naive versus naive) and in a second contact 15 min later before which the losers remained in the arena either without a shelter (control-loser versus intruder) or with a shelter that they always occupied (resident-loser versus intruder, grey background). n is given in parentheses beneath each column, excepting initial fight, which is pooled. Asterisks denote statistically significant differences (for unpaired datasets: Mann -Whitney U-test). assets for attracting females, which mate preferentially with burrow owners, and males accordingly compete aggressively for shelter acquisition [2, 11] . Regardless of species, residents usually defeat intruders [12] , but it is hotly debated how this is controlled (e.g. [13] ).
A shelter may in itself be perceived as a strong agonistic signal by the intruder, since intrinsically aggressive males can be expected to accumulate as residents and accordingly win more often [12, 14] . In our paradigm, however, the resident was initially subordinate, but nonetheless fought aggressively and even won almost a third of all fights against otherwise dominant intruders. Furthermore, this residency effect was still evident even shortly after removing the shelter (figure 2), so that the intruder had no indication of the opponent's status. This also illustrates that crickets, in the forced fight paradigm at least, do not behave fully bourgeois (cf. [15] ), i.e. they do not only fight for the possession of an actual benefit. In contrast to losers, residency had no significant influence on the aggressiveness of fight-inexperienced crickets. This is probably due partly to these crickets being already aggressive, and partly to influences of other asymmetries, such as body size, which can out-weight the effect of residency in crayfish [16] and mice [17] . We conclude that in the absence of other disparities, the experience of residency increases aggressive motivation, and accordingly the resource holding potential (cf. [18] ) of resident crickets.
Since the residency effect was only evident after an occupancy period of at least 2 min, became maximal after 15 min and waned 15 min after removing the shelter (figure 2), it is very unlikely that the initial sensory experience of shelter acquisition per se is sufficient to restore an aggressive state. Increased aggressiveness with prolonged . The aggressiveness of treated animals was evaluated in an initial fight (naive versus naive) and in a second contact 15 min later before which the losers remained in the area without a shelter (control-loser versus intruder) or with a shelter that they always occupied (resident-loser versus intruder, grey background). n is given in parentheses beneath each column, excepting initial fight, which is pooled. Asterisks denote statistically significant differences (for unpaired datasets: Mann-Whitney U-test).
residency or territoriality is known in many animal species (e.g. lobsters: [19] ) and is thought to reflect the increase in value of the resource with time as the animal gathers more information on it and invests increasingly more in it [20] . On the other hand, the transient nature of the residency effect in crickets suggests that the underlying mechanism involves temporal changes in some neurochemical mediator. We have previously shown that the experience of flying in the laboratory also causes a transient enhancement of aggression in crickets and that this is mediated by the biogenic amine octopamine [3, 6] . Similarly, data presented here suggest that the shelterresidence effect is also mediated by this well-known invertebrate neuromodulator.
The effect of shelter-residency was abolished following either non-selective depletion of amines with reserpine, or semi-selective depletion of octopamine and dopamine with AMT, but not by treatment with the selective serotonin-depleting agent AMTP. Similarly, serotonin appears to have no clear effect on shelter competition in lobsters [21] . Furthermore, since insect octopamine receptors are pharmacologically similar to vertebrate a-adrenoceptors [22] , our finding that the shelter-residency effect was blocked by the a-adrenergic receptor antagonist phentolamine, but not by the ß-adrenergic receptor antagonist propranolol implicates the involvement of octopamine rather than dopamine. Verifying this, the residency effect was most effectively blocked by epinastine (figure 4), a highly selective octopamine receptor antagonist [23] . We can also discount the involvement of octopamine's precursor tyramine, which is now recognized as a bona fide neurotransmitter in insects [24, 25] , since the high-affinity tyramine receptor blocker yohimbine [9] failed to abolish the enhancing effect of residency on aggression. The actions of octopamine are thought to be mainly mediated by G-protein coupled receptors which, depending on the receptor subtype, lead to increased levels of the second messenger cyclic AMP or calcium mobilization. However, our experiments allow no insight into which of these pathways is involved since it is not yet feasible to distinguish between octopamine receptor subtypes in whole tissue pharmacological studies (see also [22] ). We can nonetheless conclude that the experience of shelter-residency in crickets enhances aggressive motivation via activation of the octopaminergic system. Interestingly, the resident crickets slowly reverted to the submissive state some 15 min after removing the shelter. Thus, residency can temporarily over-ride the effect of losing, but not wipe it out and reset aggression to a default condition. Hence, there must be two, opposing control systems, one activated by residency and involving octopamine that transiently promotes aggressive motivation, and a second determined by the losing experience that suppresses it over a longer time scale.
The seemingly paradoxical question posed by our studies is how experiences as diverse as flying [6] and shelter-residency (this paper), which represent two extremes of the locomotory and energy expenditure spectrum, can both lead to activation of the octopaminergic system promoting aggressive motivation? Activation of the insect octopaminergic system is generally thought to prepare the animal for a period of prolonged activity or to assist the animal in recovering from a period of increased energy demand [26] . It occurs during flying [27] and under stressful conditions, during which the ratio of octopamine increases relative to its precursor tyramine in identified neurons [25] . However, residency can hardly be regarded as a strenuous or stressful condition. Alternatively, the enhanced aggressiveness that follows a short period of isolation in a dark shelter may be due to sensory deprivation. We have shown that crickets deprived of sensory inputs from the opponent fight more aggressively ( [4] ; see [28] for a similar effect in crayfish) and social isolation is a prerequisite for aggressive behaviour to become overt (cf. [29] ). However, although octopamine reduces some effects of social deprivation in carpenter ants [30] , isolation is accompanied by a reduction in octopamine levels in crickets [29] . A far more attractive hypothesis is that residency may represent a positive, rewarding experience that triggers octopamine release. Indeed, octopamine is known to convey reward signals in appetitive learning paradigms in both honeybees Apis mellifera [31] and crickets [32] . In honeybees, reinforcement in reward learning can be mediated by a single neuron (VUMmx1, [33] ), which is member of the well-known group of octopaminergic dorsal and ventral unpaired median neurons (DUM/VUM cells) [34, 35] . Interestingly, cells of this type reside in the same brain region that houses neurons required for the expression of aggression in Drosophila [36] . Clearly, what we now need to know is whether and which octopaminergic neurons in crickets are necessary and sufficient to enhance aggression and under which circumstances such octopaminergic modulation takes place.
